synapses that are available for participation in future 1E; GFP, 3.68 ± 0.22, n = 82; CaMKIVDN, 2.53 ± 0.15, n = 97). circuit modifications.
To determine the effect of these constructs on synaptic function in vivo, we made stereotaxic microinjecResults
tions of the viruses into the CA1 region of the hippocampi of young adult rats (21-28 days old) (Figures 1F Synaptic Effects of CaMKIVCA and CaMKIVDN
To examine the consequences for synaptic function and 1G). One day postinjection, acute hippocampal slices were prepared, and whole-cell recordings were and plasticity of CaMKIV signaling, we generated recombinant Sindbis pseudovirions encoding constitutively obtained from infected (as indicated by GFP fluorescence) and nearby uninfected CA1 pyramidal neurons. active CaMKIV (CaMKIVCA) or a dominant-negative CaMKIV (CaMKIVDN), each linked to green fluorescent Importantly, data acquisition and analyses were performed blindly, without knowledge of which recombiprotein (GFP) via an internal ribosomal entry site (IRES; Figure 1A ). These mutated forms of CaMKIV have been nant protein was being expressed. We first assessed whether postsynaptic expression of CaMKIVCA or used successfully in previous studies to investigate CaMKIV function (Ahn et al., 1999; Redmond et al., CaMKIVDN affected presynaptic function by measuring paired-pulse ratios, an assay that inversely correlates 2002). Nonetheless, the activity of the CaMKIV constructs was first tested in dissociated hippocampal culwith neurotransmitter release probability (Zucker and Regehr, 2002) . The PPR of uninfected and infected neutures using a nuclear phospho-CREB-S133 assay (Deisseroth et al., 1996) . Expression of CaMKIVCA rons did not differ (Figure 2A ; uninfected, 1.95 ± 0.08, n = 11; CaMKIVDN, 1.9 ± 0.1, n = 10; CaMKIVCA, 2.06 ± dramatically increased nuclear phospho-CREB staining (Figures 1B and 1C in neurons expressing CaMKIVCA, we also recorded Cumulative probability plots of AMPAR/NMDAR ratios for neurons miniature AMPAR-mediated EPSCs (mEPSCs). We found expressing CaMKIVCA (n = 18) versus uninfected controls (n = 28). **p < 0.01; error bars represent SEM. no difference in the amplitude of mEPSCs of CaMKIVCAexpressing neurons compared to nearby uninfected neurons (Figures 3E and 3F ; uninfected, −8.97 ± 0.35 pA, n = 6; CaMKIVCA, −8.64 ± 0.26 pA, n = 6) but dein synaptic strength, we compared the relative contritected a significant increase in mEPSC frequency (Figbution of AMPA receptors (AMPARs) and NMDA recepures 3G and 3H; uninfected, 0.74 ± 0.15 Hz; CaMKIVCA, tors (NMDARs) to excitatory postsynaptic currents 1.3 ± 0.22 Hz), a change that most simply can be attrib-(EPSCs). Measuring such AMPAR/NMDAR ratios miniuted either to presynaptic modifications, which were mizes inherent slice-to-slice variability and has been not detected using the PPR assay, or to an increase in used successfully to measure changes in synaptic functional synapse number. strength in response to other in vivo manipulations
We also examined the effect of expressing the (Saal et al., 2003; Ungless et al., 2001 ). Ratios were calCaMKIV constructs on synaptic plasticity, specificulated by first holding the cells at −70 mV to obtain cally NMDAR-dependent LTP and LTD. While expresan AMPAR-mediated EPSC (AMPAR EPSC) and then sion of CaMKIVDN did not alter long-term potentiation depolarizing the cells to +40 mV, at which point a mea-(LTP; Figures 4A and 4B; GFP, 150% ± 8.8%, n = 6; surement of the NMDAR-mediated EPSC (NMDAR CaMKIVDN, 139% ± 14.5%, n = 6) or long-term depres-EPSC) could be obtained ( Figure 2B ). While expression sion (LTD; Figures 4C and 4D ; GFP, 67% ± 4%, n = 6; of CaMKIVDN did not affect the relative contribution of CaMKIVDN, 57% ± 5%, n = 6) relative to GFP-infected AMPARs and NMDARs to EPSCs (Figures 2B and 2C; neurons, expression of CaMKIVCA dramatically inuninfected, 3.22 ± 0.31, n = 28; CaMKIVDN, 3.03 ± 0.39, creased the magnitude and maintenance of LTP (Fign = 19 ), there was a significant decrease in the AMPAR/ ures 4A and 4B; CaMKIVCA, 199% ± 17.9%, n = 6), NMDAR ratio in cells expressing CaMKIVCA relative while LTD was unaffected (Figures 4C and 4D ; CaMto nearby uninfected neurons (Figures 2B and 2D ; CaMKIVCA, 2.08 ± 0.21, n = 18). The lack of effect of KIVCA, 55% ± 7%, n = 6). CREBCA, 266% ± 37.8%, n = 5) but had no effect on driven GFP levels significantly compared to wild-type CREB (CREBWT) (1.74 ± 0.2, n = 98, 1 ± 0.16, n = 99, LTD (Figures 6C and 6D ; uninfected, 81% ± 5.4%, n = 7; GFP, 82% ± 9.5%, n = 5; CREBCA, 77% ± 11.3%, n = respectively; Figure 5A ).
Having confirmed that CREBCA drives CRE-depen-5). Together, these results suggest that the increases in NMDAR-mediated synaptic transmission and LTP are dent transcription in neurons, we then performed the same electrophysiological assays using in vivo injecdue to the activation of CREB-dependent transcription, while the changes in AMPAR-mediated synaptic transtion of a virus encoding CREBCA linked to GFP via an Figure 8C ; GFP, 1 ± ability) but did enhance the spillover of glutamate (for example, by inducing an increase in multivesicular release or the amount of glutamate released per synaptic vesicle). Such a hypothesis, however, cannot explain the morphological changes that we observed, specifically the CREBCA-induced increase in spine density and the increase in the density of synaptic NMDAR but not AMPAR puncta in cultured neurons. Furthermore, it seems unlikely that postsynaptic CREBCA-mediated enhancement of presynaptic glutamate spillover could somehow robustly increase LTP while having no effect on LTD.
CaMKIVCA caused many of the same synaptic changes as CREBCA but also increased AMPAR-mediated synaptic transmission, an effect that could be due to actions of CaMKIV on other substrates (Chawla et al., 1998; Impey et al., 2002). A hypothesis that might explain all of our results is that expression of CaMKIVCA, in addition to increasing the proportion of silent synapses via activation of CREB, also stimulated the growth of the dendritic arbor, an effect that in cultured neurons has been shown to require factors in addition to CREB (Redmond et al., 2002) . This would account for the increase in AMPAR EPSCs and mEPSC frequency in CaMKIVCA-expressing neurons, assuming that more functional synapses occurred on the extended dendritic tree. We note, however, that we have not presented direct evidence that the synaptic effects of CaMKIVCA, which mimic those caused by CREBCA, are in fact due to phosphorylation and activation of CREB. It is conceivable that, despite their very similar effects, CREB does not participate in mediating the ac- a hypothesis that, as described in the introduction, re-
In Vivo Injections
The coefficient of variation (CV) analysis was done as previously described (Kullmann, 1994) 
